► Constrictive pericarditis is a debilitating disease leading to significant morbidity and mortality. CT provides excellent anatomic assessment of the pericardium prior to surgical planning for pericardiectomy. ► However, the pattern of pericardial calcium distribution and the association with clinical outcomes are not well described.
What does this study add?
► Pericardial calcification was found to be located in a circumferential band-like pattern sparing the basal anterior left ventricle and apical regions of the left and right ventricles, with extension into the mitral and tricuspid annuli in more than 40% of the patients. ► In this study, a potential protective role of pericardial calcium around the right ventricle was noted, with lower grades of tricuspid regurgitation.
How might this impact on clinical practice?
► Evaluating the distribution of pericardial calcification may aid better understanding of the effect of calcium on regional myocardial mechanics and function. ► Further studies with a quantitative assessment of pericardial calcification and effect on clinical outcomes are needed.
AbstrAct
Background Pericardial calcification is seen among patients with constrictive pericarditis (CP). However, the pattern of pericardial calcium distribution and the association with clinical outcomes and imaging data are not well described.
Methods This was a retrospective study from 2007 to 2013 to evaluate the pattern of pericardial calcium distribution by CT in CP using a semiquantitative calcium scoring system to calculate total pericardial calcium burden and distribution. Calcium localisation was allocated to 20 regions named after the corresponding heart structure. Baseline clinical data, imaging data and clinical outcomes were collected and compared between the calcified pericardium and non-calcified pericardium groups. We assessed the effect of pericardial calcium on clinical outcomes and echocardiographic data between the two groups. Results Of the 123 consecutive patients with CP (93 male; mean age 61±13 years) between 2007 and 2013, 49 had calcified pericardium and 74 had non-calcified pericardium. Distribution of calcium on the left ventricle (LV) basal anterior, mid-anterior and apical segments in addition to right ventricle (RV) apical segment was involved in <30% of the cases with the remaining segments involved in >35% of cases. A potential protective role of RV calcium on regional myocardial mechanics was noted. Conclusion Preferential distribution of calcium in CP in a partial band-like pattern (from basal anterolateral LV going inferiorly and then encircling the heart to reach the RV outflow tract) with extension into the mitral and tricuspid annuli was noted. Pericardial calcium was not significantly associated to clinical outcomes.
IntRoduCtIon
Constrictive pericarditis (CP) is a debilitating disease caused by a thickened and fibrosed pericardium limiting diastolic filling of the ventricles. It usually results from chronic inflammation due to an initial episode of acute pericarditis as an inciting event. Most common aetiologies in the USA and Europe are a result of idiopathic/viral or postpericardiotomy syndrome whereas in low/middle-income countries, tuberculosis is a prevalent cause. 1 Multimodality imaging with echocardiogram (ECHO), cardiac MRI (CMR) and CT is useful to guide the management and diagnosis of CP. The diagnosis of CP can be challenging, therefore algorithms are available to guide the diagnostic approach and need for additional imaging. 2 CT provides excellent anatomic assessment of the pericardium and is the preferred imaging modality to assess pericardial calcium (PC) prior to surgical planning. 3 Pericardial calcification occurs frequently in CP; however, calcification is not always associated with constriction. 4 The impact of pericardial calcification on survival after pericardiectomy has been controversial. Studies have shown pericardial calcification Figure 1 Constrictive pericarditis patient population. The chart consists of the overall constrictive pericarditis patient population divided into segments excluding patients who did not meet inclusion criteria. This was divided into our total constrictive pericarditis population and further divided into calcified pericardium and non-calcified pericardium groups.
to be an independent predictor of negative perioperative outcomes but no impact on long-term survival. 5 However, other studies have shown a negative impact on long-term survival 6 highlighting the discrepancy in the consensus on pericardial calcification and long-term survival. The pattern of calcium distribution in CP is not well described and the association between severity of calcification and clinical outcomes has not been evaluated. A PC scoring system has not been established to evaluate the effects of calcium distribution on ECHO variables, surgical, or clinical outcomes in CP.
MetHods

Patient population
This is a retrospective study of patients referred to our centre between 2007 and 2013 with CP who had CT with or without contrast imaging. The diagnosis of CP was confirmed through evidence of constriction on one or more of the following: (A) ECHO, (B) CMR or (C) cardiac catheterisation along with clinical characteristics such as symptoms of right heart failure. Echocardiographic features of constriction included: septal bounce, interventricular dependence, respiratory variation of early mitral inflow velocity >25% and tricuspid early inflow velocity >40%, and inferior vena cava (IVC) plethora. Features of constriction on CMR included: pericardial thickening, conical deformity of the ventricles and interventricular dependence. Cardiac catheterisation features of constriction include: elevated right atrial pressures, elevated right ventricle (RV) and left ventricle (LV) end-diastolic pressures with dip and plateau sign, and interventricular dependence. 1 Baseline clinical characteristics, CP aetiology, presurgical New York Heart Association (NYHA) class, medical comorbidities, medications, laboratory values and clinical outcomes were collected and compared between the calcified pericardium and non-calcified pericardium groups. Clinical and imaging data were collected through review of electronic medical record system. Aetiology was divided into idiopathic, infectious, radiation, postpericardiotomy syndrome, trauma, autoimmune, neoplastic or uraemic. The aetiologies were defined based on current definitions and guidelines. 1 7 Clinical outcomes Clinical outcomes of all-cause mortality, need for pericardiectomy and surgical outcomes were assessed. All-cause mortality was identified either through use of social security index data or the electronic medical record system. Surgical outcomes were collected at index hospitalisation for all patients who underwent pericardiectomy. Concomitant procedure was defined as coronary artery bypass, valve repair and/or replacement. In-hospital mortality was defined as any patient who died during the initial index hospitalisation. Operative mortality was defined as any patient who died during the index surgery within a 30-day postprocedure period. Readmission within 30 days was reviewed through the use of the electronic medical record system and defined as any admission that required a hospital admission, excluding office visits and emergency department visits.
Calcium scoring
We developed a semiquantitative PC scoring system as a measure of pericardial calcification burden to evaluate the distribution of calcium in patients with calcified pericardium. All patients were scanned on standard multidetector CT scanner. PC was identified visually as pericardial segments with high Hounsfield unit. The scoring system allocated calcium into 20 regions named after the corresponding heart structure: the LV and RV were further divided in short axis into four basal, four mid and three apical divisions for the LV and four basal, four mid (both in short axis) divisions and one apical-lateral division (from apical four-chamber view) for the RV (figures 1 and 2). In addition, calcifications in the pericardium surrounding the left and right atria, or extending into the mitral or tricuspid annuli were also noted. PC scores as a measure of pericardial calcification burden were calculated with 1 point given for each involved calcified area. Total PC scores (LV and RV segments only) and regional PC scores (LV, RV, annuli and atria) were then calculated and graphed for each area. Only acceptable CT scans prior to surgery were used for analysis based on the quality of scan to detect calcium in all visualised segments. Patients were excluded if CT scans were not available prior to surgery. statistical methods Statistical analysis was performed using IBM SPSS Statistics V.20.0 (IBM). All continuous variables are expressed as mean±SD and categorical variables as frequency with percentages. P values were obtained for all reported variables and significance defined as p≤0.05. The Shapiro-Wilk test was used to test for normality of continuous variables, with a p value ≤0.05 signifying non-normal data. Continuous variables were also tested for homogeneity of variances using Levene's test for normally distributed data, and analysis of variance for non-normal data, with a p value ≤0.05 signifying unequal variances. For continuous variables, significance was determined using the independent samples t-test, Mann-Whitney U test, or the Mood's median test, depending on normality and variance of the data. The t-test was used on normally distributed data with equal variance and the Welch's t-test statistic was used for normally distributed data with unequal variance. The Mann-Whitney U test was used on non-normal data with equal variance, and the Mood's median test was used on non-normal data with unequal variance. Univariable logistic regression and linear regression models were used to assess predictors of all-cause mortality and total and regional calcium scores on clinical outcomes and echocardiographic variables for patients with PC. Logistic and ordinal (for ranked data) regression models are reported with OR, 95% CIs and p value. Linear regression is reported with correlation coefficient R², beta (β) and p value. Pearson's correlation was used to determine the relationship between LV ejection fraction (LVEF) and total calcium. Correlations are reported with the correlation coefficient R² and corresponding p value.
Results
Patient characteristics
A total of 123 consecutive patients with CP and CT scans available for review were identified through the Cleveland Clinic pericardial database from 2007 to 2013. Patients were classified into calcified pericardium (n=49) and non-calcified pericardium (n=74) groups (figure 3). Baseline clinical characteristics, CP aetiology and clinical outcomes were collected as illustrated in table 1. Mean age was 61±13 years (76% male) in overall population. Idiopathic aetiology (48%) was most common and there was no significant difference in aetiologies between the two groups. The use of diuretics, presence of atrial fibrillation and chronic obstructive pulmonary disease (COPD) were significantly higher in the calcified pericardium group. There was no significant difference in age, gender, NYHA class, pericardiectomy or mortality in the two groups.
echocardiographic variables Routine ECHO variables were measured between the calcium and non-calcium groups and outlined in table 2. Left atrial diameter was larger in calcified group 5.21±0.97 cm vs 4.10±0.95 cm in the non-calcified group (p=0.002); however, left atrial volume index was not statistically significant (p=0.077). There was significantly higher incidence of diastolic septal bounce and larger IVC diameters in the calcified pericardial group versus the non-calcified group (p=0.004, p=0.001). Mitral medial e′ was also higher in the calcified group (p=0.006). There were no other significant differences in echocardiographic parameters between the two groups. This figure illustrates the allocation of pericardial calcium localisation to the 20 areas (LV and RV only) for our semiquantitative scoring system called after the corresponding heart structure: the LV and RV were further divided in short axis into four basal, four mid and three apical divisions for the LV and four basal, four mid (both in short axis) divisions and one apical-lateral division (from apical fourchamber view) for the RV. Segments were then colour coded to illustrate the degree of calcium found in these areas labelled P for pericardium. Ant, anterior; Inf, inferior; L, lateral; RVOT, right ventricle outflow tract. Data were summarised as frequency n (%) for descriptive data and mean±SD for continuous data. *Total patients included n=120: 47 in calcified pericardium group and 73 in non-calcified pericardium group. CAD, coronary artery disease; CHF, congestive heart failure; CKD, chronic kidney disease; COPD, chronic obstructive pulmonary disease; CP, constrictive pericarditis; DMARD, disease-modifying antirheumatic drug; NSAID, non-steroidal anti-inflammatory drug; NYHA, New York Heart Association. surgical data Surgical outcomes were collected at index hospitalisation for all patients who underwent pericardiectomy as outlined in table 3. Of the 64 patients, there were 2 (3%) in hospital mortality and 1 (2%) operative mortality. Five patients (8%) did not have follow-up at 30 days, but had phone follow-up <30 days. There was no significant difference in the surgical outcomes between the two groups.
Special populations
Calcium scoring PC spatial distribution for the calcified pericardium group is illustrated in figure 1 . Figure 2 further illustrates pericardial spatial distribution within the LV and RV basal, mid and apical regions. Calcium involvement of the LV basal anterior, mid-anterior and apical segments in addition to RV apical segment was involved in <30% of the cases. The remaining segments were involved in >35% of cases. Of note, 51% and 41% had PC extending into the mitral and tricuspid annuli. Two of the 49 patients in the calcified pericardium group had calcium localised to the atria or LV apical cap. Tables 4 and 5 illustrate the univariable logistic regression and linear regression models used to assess predictors of all-cause mortality and effect of different variables on total PC scores. Total PC scores and regional PC scores (LV, RV and annuli) were used to assess predictors of clinical outcomes and echocardiographic variables. The multinomial logistic regression model showed that albumin and NYHA play a significant role in predicting all-cause mortality with higher albumin scores associated with lower mortality and higher NYHA associated with higher mortality. The linear regression model showed that with higher RV scores, % respiratory change in tricuspid valve decreased (R²=0.149, β=−2.072, p=0.043) and tricuspid regurgitation grade also decreased (OR=0.743, p=0.008). There was no significant correlation between LVEF and total calcium (R²=−0.044, p=0.764). Data were summarised as frequency n (%) for descriptive data and mean±SD for continuous data. CPB, cardiopulmonary bypass;ICU, intensive care unit;LOS, length of stay (in days). 
dIsCussIon
The results of our study show the preferential distribution of calcium in CP in a partial band-like pattern (from basal anterolateral LV going inferiorly and then encircling the heart to reach the RV outflow tract) with extension into the mitral and tricuspid annuli. Calcium involvement of the pericardial segments corresponding to the LV basal anterior, mid-anterior and apical segments in addition to RV apical segment was involved in <30% of the cases. The remaining segments were involved in >35% of cases. Once pericardial calcifications are present, >40% of patients will have pericardial calcifications extending into either the mitral or tricuspid annuli. Several studies have investigated perioperative complications and outcomes after pericardiectomy. 7 8 In our cohort, there was no significant difference in surgical outcomes between the calcified and non-calcified pericardium groups.
As in previous studies, idiopathic CP was the most common aetiology in our study. 9 10 Higher diuretic use, incidence of atrial fibrillation, COPD, larger atria and IVC diameters were also found in the calcified pericardium group, suggesting a more chronic and symptomatic patient population. The distribution of pericardial calcifications has been described in other case reports and small studies, but has not been evaluated in a similar sized case series. [11] [12] [13] [14] [15] The relative sparing of the pericardial segments corresponding to the basal anterior LV and apical segments with significant involvements of the other segments brings out two questions 1 : what is the mechanism favouring this pattern of calcium deposition, and 2 how does this impact the mechanics of the heart. However, we believe that pericardial calcification can be viewed as the end product of chronic inflammation. In our study, aspirin use was associated with lower total PC scores, suggesting perhaps the important role for anti-inflammatory therapy in this process. Thus, the calcified parts are the most affected and if the innervation of the heart plays a role in the aetiology of the insult then this calcification pattern follows the heart innervation pattern. Alternatively, we cannot exclude a simple dependent mechanism of inflammatory material that follows the patients being in a supine position. This, however, will not explain the RV outflow tract involvement. Studies have shown that patients with CP have lower lateral annulus tissue Doppler compared with the medial annulus, referred to as 'annulus reversus'. [16] [17] [18] This finding parallels the increased calcium involvement of the pericardial segments corresponding to the lateral wall often extending into the mitral annulus, thereby limiting lateral annular velocity due to tethering from fibrotic or calcified pericardium. Further, higher RV calcium scores were shown to have lower grades of tricuspid regurgitation and lower respiratory variation, suggesting perhaps a protective role of RV calcium with regional mechanics.
Pericardial calcification's impact on survival has been controversial with some studies showing a negative impact on survival and others showing no impact. 5 6 9 In our study, clinical outcomes of mortality and pericardiectomy between the two groups were not found to be statistically significant and total PC score did not significantly predict clinical outcomes. Previous studies have shown poor surgical outcomes with advanced NYHA, radiation aetiology, chronic lung disease with renal failure, use of cardiopulmonary bypass and previous cardiac surgery to be predictors of worse outcomes. 7 8 In our study, the presence of calcium did not significantly predict adverse surgical outcomes or all-cause mortality. The number included in the cohort may explain the absence of statistical association.
study limitations This is a retrospective study at a single institution with a relatively small sample size, therefore limiting power and introducing potential selection bias. The retrospective design, lack of a true quantitative method to assess PC and limited follow-up clinical data could have limited identifying associations with outcomes and any competing risks between mortality and surgery between the two groups. Moreover, not all included patients had CT data amenable for analysis reducing our sample size significantly. Also, not all ECHO data were amenable for analysis limiting the association we can make between calcium and different ECHO variables. Echocardiographic data were collected Special populations at rest, therefore the effect of pericardial calcification on regional RV and LV haemodynamic changes with exercise is not available. In addition, providing a quantitative assessment of calcium severity may have been a more rigorous approach. This is highly appreciated as it is not reasonable to assume that the value of a speckle or two of calcium in a pericardial segment is equivalent to dense large chunks of calcifications in another segment. This is a limitation of our semiquantitative scoring system. Unfortunately, solving this predicament was not possible due to inherent limitations in the calcium scoring software designed initially for coronary calcification and not pericardial calcification. Two examples of these limitations are 1 : numerous patients had calcifications that were continuous from one pericardial segment to another, especially in the basal LV inferior and basal RV inferior segments, which made splitting the calcifications by the software not feasible; and 2 the range of values obtained because of the density of the calcifications reached in some cases beyond 30 000 Agatston score which extrapolates this system into numerical values not encountered in the coronaries and thus presented a theoretical challenge. Thus, we limited our data analysis to semiquantitative methods of PC scoring, pending development of a more scientifically acceptable method to quantify pericardial calcifications. Future studies addressing the association of distribution of PC with clinical outcomes, myocardial atrophy and ECHO data need to be also further investigated. Also important is the effectiveness of medical therapy in the presence and severity of pericardial calcification.
ConClusIon
Our study demonstrates the spatial distribution of pericardial calcification and correlation between calcium and clinical outcomes. Pericardial calcification was found to be located in a circumferential band sparing the basal anterior LV segment and apical regions of the LV and RV. In more than 40% of patients with pericardial calcifications these calcifications extended into the mitral or tricuspid annuli. Our results showed that the presence of calcium did not significantly predict surgical outcomes and the total PC score did not significantly predict clinical outcomes. A potential protective role of RV calcium in regional myocardial mechanics was observed. Further studies with a quantitative assessment of PC and association with clinical outcomes are needed.
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